The Bacteroides conjugative transposon CTnDOT encodes an integrase, IntDOT, which is a member of the tyrosine recombinase family. Other members of this group share a strict requirement for sequence identity within the region of strand exchange, called the overlap region. Tyrosine recombinases catalyze recombination by making an initial cleavage, strand exchange and ligation, followed by strand swapping isomerization requiring sequence identity in the overlap region, followed by the second cleavage, strand exchange and ligation. IntDOT is of particular interest because it has been shown to utilize a three-step mechanism: a sequence identity-dependent initial strand exchange that requires two base pairs of complementary DNA at the site of cleavage; a sequence identity-independent strand swapping isomerization, followed by a sequence identity-independent cleavage, strand exchange and ligation. In addition to the sequence identity requirement in the overlap region, Lambda Int interactions with arm-type sites dictate the order of strand exchange regardless of the orientation of the overlap region. Although IntDOT has an arm-binding domain, we show here that the location of sequence identity within the overlap region dictates where the initial cleavage takes place and that IntDOT can recombine substrates containing mismatches in the overlap region so long as a single base of sequence identity exists at the site of initial cleavage.
INTRODUCTION
Bacteroides spp. are Gram-negative anaerobes that colonize the human gastrointestinal tract. They are host to a number of integrated mobile genetic elements that have been implicated in the transfer of antibiotic resistance genes (1) (2) (3) (4) . These elements are called conjugative transposons, or more recently, integrative and conjugative elements (ICEs) (5) . CTnDOT is the best studied Bacteroides ICE. It carries genes encoding tetracycline resistance, tetQ, and erythromycin resistance, ermF (6) (7) (8) . Excision and integration of CTnDOT are catalyzed by its integrase, IntDOT, which is a member of the large tyrosine recombinase family (9) (10) (11) (12) . Tyrosine recombinases use a topoisomerase I-type mechanism for recombination (13) (14) (15) , which involves an initial strand exchange to form a Holliday junction intermediate. In most systems this is followed by a homology-dependent strand swapping isomerization step, and then a second strand exchange to form the product (16) . In some cases, recombination stops at the Holliday junction step and the structure is resolved by host processes (17) (18) (19) . Sequence identity between overlap regions is a requirement for recombination of most tyrosine recombinases. It is assumed that Watson-Crick base pairing must take place after the strand exchange in order for ligation to occur (20) .
Site-specific recombinases can be sub-classified into two groups depending on whether or not their recombination reaction is regulated. There are autonomous systems in which the recombinase binds only core-type DNA sites. These enzymes contain core-binding (CB) and catalytic (CAT) domains that interact directly with core-type sites. In the more complex systems the recombinase has an additional N-terminal (N) domain that binds to armtype sites that flank the core-type sites. These systems require accessory proteins (14, 21) . There does not appear to be any correlation between the complexity of the system and the regulation of the order of strand exchanges. The order of strand exchange can be influenced by a variety of different factors including additional DNAbinding domains, accessory proteins and DNA structure.
IntDOT contains an N domain and requires accessory proteins for integration and excision, so it was initially assumed that these would influence the order of strand exchange in the integration reaction. In this article, we show that for IntDOT, DNA sequence identity in the overlap region dictates the order and position of strand exchange and that a single base of sequence identity is required for the first strand exchange. Interestingly, unlike most tyrosine recombinases, IntDOT does not *To whom correspondence should be addressed. Email: jlapri2@illinois.edu require sequence identity for the strand swapping isomerization step or for the second strand exchange. This unique mechanism for strand exchanges may place IntDOT into a new subclass of tyrosine recombinase.
MATERIALS AND METHODS

Preparation of radiolabeled attB substrates
One strand of the attB DNA oligonucleotide (IDT) was 5 0 -end-labeled with g-32 P-ATP (Perkin-Elmer) using T4 polynucleotide kinase (Fermentas) and free g-32 P removed using G-25 spin columns (Amersham Biosciences). The labeled DNA was mixed with the unlabeled complementary strand at a 1 : 5 molar ratio and annealed in an annealing buffer (0.1 M KCl, 10 mM Tris-HCl pH 8, 5 mM EDTA) by heating to 90 C for 2 min followed by slow cooling to 25 C. The attB DNA substrates containing a nick in either the top or bottom strand were prepared by mixing a labeled intact strand with two unlabeled strands complementary to the labeled strand at ratios of 1 : 5 : 5, respectively. These were annealed as described above. All nicked attB substrates were phosphorylated at the 5 0 -end of the oligo at the cleavage site. A list of oligonucleotides used in this study is shown in Supplementary Table S1 .
In-vitro recombination assay
The attDOT and attB substrates were incubated in a 20 ml reaction volume containing 0.17 mM Escherichia coli IHF, 1 unit of IntDOT, 30 mM Tris-HCl (pH 7.4), 5 mM DTT, 0.1 mg/ml tRNA, 0.07 mg/ml BSA, 2.6% glycerol and 50 mM KCl. The final concentrations of attDOT and attB were 2 nM as determined by OD 260 . A unit of IntDOT is defined as the minimum amount of IntDOT needed to produce maximum recombination between attDOT and attB (22) . The reaction was shown to proceed over 16 h so samples were incubated overnight at 37 C and the reaction quenched with the addition of 5 ml stop solution (30% glycerol, 10% SDS, 0.25% xylene cyanol and 0.25% bromophenol blue). All samples were subjected to electrophoresis on a 1% agarose gel. Gels were dried on a vacuum slab drier, then exposed on phosphorimager screens and the recombination efficiency quantified using a Fujifilm FLA-3000 phosphorimager and Fujifilm Image Gauge software (Macintosh v.3.4).
Restriction digest analysis of the recombinant products
Some experiments were done where products were cleaved by SspI endonuclease. A double volume of the standard recombination assay described above was performed but was terminated by heating for 20 min at 60 C instead of by the addition of stop solution. Magnesium chloride was added to a final concentration of 10 mM. Half the reaction volume was transferred to a fresh microcentrifuge tube and digested with SspI endonuclease (Fermentas). The digest was stopped by heating at 60 C for 20 min and the sample was subjected to electrophoresis on a 1% agarose gel at 100 V for 2 h and analyzed as described above.
Site-directed mutagenesis of attDOT/pUC19
Mutations were made in the 7 bp core overlap region of attDOT using the Stratagene Quikchange Mutagenesis Kit as described by the supplier (Stratagene). Primers carrying the specific mutations are shown in Table 3 . The attDOT regions of the plasmid were sequenced to confirm the presence of the desired mutation and to ensure no other mutations were present.
2D gel electrophoresis
A double volume recombination assay was performed and terminated with stop solution. Two 15 ml samples were subjected to electrophoresis on a 1% agarose gel in 1Â TBE for 2 h at 100 mA. One lane was sliced out of the gel and prepared for the second dimension; the other lane was dried and exposed on a phosphorimager screen. The gel slice for the second dimension was soaked in alkaline buffer (50 mM NaOH, 5 mM EDTA) for 1 h before being set in a gel tray with 1% agarose dissolved in alkaline buffer. The gel was electrophoresed in alkaline running buffer (50 mM NaOH, 5 mM EDTA) for 16 h at 30 V, then dried and exposed on a phosphorimager screen.
Detection of covalent DNA/Protein complexes
A double volume recombination assay was performed but was stopped with the addition of 0.1 vol of 10% SDS. A standard SDS/KCl precipitation was performed as described previously (23) . The fractions were separated on a 1% agarose gel for 2 h at 100 V.
RESULTS
In this study we used a gel-based in vitro integration assay developed previously (24) . The in-vitro integration reaction utilizes two DNA substrates carrying a linear radiolabeled attB site and a supercoiled plasmid containing the attDOT site. The reaction requires IntDOT and E. coli integration host factor (IHF). [The Bacteroides host factor has not yet been identified, but E. coli IHF substitutes (24) ]. Because IntDOT-mediated recombination requires an accessory factor, all experiments were performed with IntDOT and E. coli IHF. Recombination between the attDOT and attB sites produces a 3.6 kb linear recombinant that can be separated from unreacted attB DNA on an agarose gel (see 'Materials and Methods' section). Several attB sites have been identified (25) but most experiments described here use the attB1 site.
The overlap region defines the sites of cleavage and strand exchange in the top and bottom strands of the attDOT and attB sites (26) . It consists of a 5 bp coupling sequence that varies in sequence from site to site, and a conserved GC dinucleotide that is found at the left side of the overlap regions in attDOT and all known naturally occurring attB sites (25) (Figure 1 ). (The term 'GC dinucleotide' is used to describe the complementary 5 0 GC/3 0 CG sequence at the left end of the overlap region). It has been shown previously that the integration reaction catalyzed by IntDOT proceeds via a three-step mechanism: a pair of top strand exchanges on the left side of the overlap region that are dependent upon sequence identity, followed by a sequence independent isomerization step, and then a pair of bottom strand exchanges on the right side of the overlap region that are independent of sequence identity (26) . It appeared that the only sequence identity between the sites that was required for integration was the GC dinucleotide base pairs on the left side of the overlap regions in both attDOT and attB. For example, previous work showed that only the base pairs at the position of the GC dinucleotide need to be identical in both substrates for efficient recombination-attDOT and attB sites where both sites contained CG or AT substituted for the GC dinucleotide were shown to be active (26) . Thus, productive recombination occurs when both sites have complementary dinucleotide sequences and the sequence itself is not important.
The overlap regions are flanked by IntDOT core-type binding sites referred to as B and B' in attB, or D and D' in attDOT. The D and B sites contain a conserved sequence ending in TTTGC (Figure 1 ). The first strand exchanges occur after initial cleavage between the T and G in attDOT and attB sites. The second strand exchange occurs by cleavage between the A and C residues on the bottom strand of attDOT and the two A residues on the bottom strand of attB1. Note that ligation of the top strands involves complementary base pairs at the site of ligation, while ligation of the bottom strand occurs in the presence of mismatches in the DNA.
An attB site with an inverted overlap region functions as an efficient recombination substrate
We wanted to distinguish between three possible general models of the mechanism of ordered strand exchange in IntDOT-mediated recombination. The first model proposes that sequences outside the overlap region (the boxed sequences in Figure 1A ) play a defining role in determining the order of strand exchange. For example, the arm-type sites could be responsible for determining the order of strand exchange, much like the Lambda Int system (27) . A variation of this model is that the coretype sites such as the D and B sites determine the order of strand exchange. If true, the location of the GC dinucleotide within the overlap region should not matter and initial cleavage and strand exchange should always take place at the same site relative to the arm-and coretype sites. The second model proposes that the D and B core-type sites must be contiguous with the GC dinucleotide located in the overlap region so that the entire conserved sequence shared by both sites is responsible for determining the order of strand exchange. If the position of the GC dinucleotide relative to the D and B sites is important, then moving the GC dinucleotide to the opposite end of the overlap region will result in loss of recombination. The third model proposes that only the GC sequence identity within the overlap regions of the recombining att sites is important, and the position (either at the left or right side of the overlap region) of these bases in both attDOT and attB should not affect recombination as long as the sequences are identical in both sites. In addition, initial cleavage and strand exchange will take place at the location of the sequence homology independent of the flanking sequences. In summary, Model 1 predicts that the arm-and/or coretype sites determine the order of strand exchange; Model 2 predicts that the GC dinucleotide must be adjacent to the conserved sequence of the B and D sites and Model 3 predicts that only the GC dinucleotide within the overlap region determines the order of strand exchange.
In attempt to distinguish between these three possibilities, we designed an attB1 site with an inverted overlap region ( Figure 1B and C) . In this substrate, the entire seven base overlap region is rotated 180 so that the GC dinucleotide is relocated to the 5 0 -end of the bottom strand, contiguous with the B' site (Figure 2A and B) . Synapsis of the wild-type attDOT site and the inverted attB1 site in orientations shown in Figure 2B generates two mismatched base pairs (GC in attDOT and AT in the inverted attB1 site) at the position of the original GC dinucleotide. If the flanking core-or arm-type sites determine the order of strand exchange, then the reaction will proceed with initial cleavage and strand exchange taking place adjacent to the D arm, but recombination will be substantially decreased because a homology-dependent strand exchange cannot take place ( Figure 2C ). A substrate with the inverted attB site should also not be functional in integrative recombination if the GC dinucleotide must be adjacent to the B site for productive recombination as proposed in the second model.
We found that the attB1 site with an inverted overlap region recombined nearly as efficiently as the wild-type attB1 with a partner site containing the wild-type attDOT (data not shown). These results suggest a less defining role for the arm-type sites but do not yet distinguish between the other models. As shown in Figure 2D , a 180 rotation of the entire attB1 site would generate an alignment that contained a GC dinucleotide in the correct position in the top strand adjacent to the B' core site. This could indicate that the position of the GC dinucleotide within the core overlap region dictates the orientation of the att sites in a synaptic complex that undergoes recombination. If correct, neither the coretype sites, nor the arm-type sites control the orientation of sites in a synaptic complex. In addition, since the top strands containing the GC dinucleotides are exchanged first in recombination with wild-type sites (10, 26) it is possible that the strands containing the GC dinucleotides in reactions between attDOT and the inverted overlap attB1 site are also exchanged first, supporting the third model. Alternatively, the first strand exchange could be taking place between non-identical base pairs and the location of sequence identity within the overlap region is not as important as the orientation of the B and D sites relative to each other, thereby supporting the first model.
Synaptic complexes containing the attB1 and inverted overlap attB1 sites SspI digestion of the linear recombinant product from wild-type att sites produces two fragments of 1.1 and 2.5 kb due to a single asymmetric restriction site within the plasmid containing attDOT ( Figure 3A ). During synapsis, the attDOT site presumably forms an intasome with four IntDOT monomers and an unknown number of IHF heterodimers bound to the DNA (28, 29) . There are two potential orientations of the attB1 site relative to the intasome in a synaptic complex. If the second model is correct, then the restriction pattern will be the same as that seen with the wild-type att sites, meaning the intasome will form a productive synapse with the inverted overlap attB site in the same orientation as it does with the wild-type attB site. On the other hand, if the third model is correct then an attB1 site with the inverted overlap will interact with the intasome in the reverse orientation where the GC dinucleotides are exchanged, and the orientation of the integrated attDOT plasmid relative to the ends of the recombinant product will be inverted. When the top strand of a wild-type attB1 is radiolabeled, digestion with SspI of the resulting recombinant yields a 1.1 kb fragment. A 2.5 kb fragment appears if the bottom strand is radiolabeled ( Figure 3B ). After recombination with the attB1 site containing the inverted overlap region, the opposite fragment pattern appears. With a label on the top strand, the 2.5 kb fragment is produced and the 1.1 kb fragment appears with a bottom strand label. This confirms that the orientation of attDOT relative to the attB sites in the two sites synaptic complexes are different and that the first strand exchange involves exchange of the strands containing the GC dinucleotide. We conclude from this experiment that Model 2 is incorrect.
An attB site with an inverted overlap sequence shows a strong bias for bottom strand exchange
Since the orientation between attDOT and attB during productive synapsis appeared to be changed with the attB with the inverted overlap region, we wanted to determine if the order of strand exchange was also altered. We previously showed that the first strand exchanges between the attDOT and attB1 sites occurred at the top strands at sites adjacent to the GC dinucleotide (26) . We used complementary oligonucleotides that introduced a nick at either the top strand or bottom strand cleavage site of attB1. Nicked substrates allow the intact strand to be cleaved and exchanged to form a Holliday junction containing a nick. However a nick at the second cleavage site prevents the exchange of the second strand, thereby trapping a Holliday intermediate. Alternatively, if the nick is at the site of the first strand exchange, no intermediate is formed ( Figure 4A ). In the integration reaction between wild-type attDOT and wild-type attB1, the top strand is cleaved and exchanged first, so a nick in the top strand inhibits the first step of the reaction and no product is formed. A nick on the bottom strand allows the top strand to be cleaved and exchanged forming the Holliday junction intermediate product that is detectable on an agarose gel. We constructed nicked inverted overlap attB1 sites and tested them with wild-type attDOT. If the bottom strand is cleaved and exchanged first, then the Holliday junction intermediate would be formed in the reaction with the inverted overlap attB1 site containing a nick in the top strand but not from the attB1 site containing a nick in the bottom strand. The results of the experiments with the inverted overlap attB1 sites are shown in Figure 4B and C. Products were detected from the inverted attB1 site with a nick at the top strand cleavage site, but to a much lesser extent from the inverted attB1 site with a nick at the bottom strand cleavage site. This result indicates that the frequency of first strand exchange between the attDOT top strand and the bottom strand of the inverted attB1 site containing the GC dinucleotide occurs $9 times more frequently than the exchange with the top strand.
An attB1 site with a symmetric overlap produces recombinants in both orientations
If the orientation of the integrating attDOT site relative to the attB site is dependent on sequence identity at the position of the first exchange within the overlap region, then presenting an attDOT intasome with a site containing a symmetric overlap region with a GC dinucleotide in both strands should produce recombinants where the attDOT site recombined with the symmetric core in both orientations with equal frequency ( Figure 1D ). Figure 5A shows the results of experiments where the symmetric overlap attB1 site was labeled on the top or bottom strand. Both the 1.1 and the 2.5 kb products are formed regardless of which strand is labeled ( Figure 5 ). These results suggest that the symmetric overlap attB1 site can synapse with attDOT in both orientations at equal frequencies. These results also support the argument that synapsis occurs at equal frequency with wild-type attB1 in both orientations but only one orientation produces recombinants.
These results are confirmed by experiments done using attB sites with a symmetric overlap region containing a nick at either the top or bottom strand cleavage site. Products were detected regardless of which strand contained the nick, indicating that synapsis and cleavage takes place with the substrates in either orientation ( Figure 5B ). The higher amount of product detected with the attB site containing the nick at the bottom strand cleavage site may suggest a slight preference for a particular orientation of the D and B sites relative to each other in the synaptic complex. Other known attB sites produce recombinants similar to attB1
There are six Bacteroides attB sites that have been identified and sequenced (25) . All six sites contain a conserved sequence on the left side, ending in TTTGC (Table S2) . We wanted to determine whether other attB sites behave similarly to attB1 sites containing different overlap and B' sequences. Accordingly, we constructed attB2-6 sites using complementary oligonucleotides and tested them in the in vitro integration assay with a wildtype attDOT. We also constructed attB3 and attB5 sites with inverted overlap regions to confirm that the location of the GC dinucleotide within the overlap region dictates the orientation of the integrating attDOT. The attB3 and attB5 sites were chosen for experiments because their sequences are the least similar to the attDOT sequence. The results of the in-vitro integration assay show that all six attB sites behave in a similar fashion and have relatively similar recombination efficiencies, with attB4 being the least efficient of the attB sites (Supplementary Table  S2 ). The site of initial cleavage takes place between the T and G, making the conserved GC dinucleotide part of the overlap region. The recombinants produced from attB3 and attB5 sites containing an inverted overlap region show the same restriction pattern as recombinants produced from the attB1 site with an inverted overlap region (data not shown). We conclude from these results that the known attB sites appear to act similarly with respect to the mechanism for ordered strand exchange.
The overlap region dictates orientation of integrating attDOT
If the B core-type site of attB plays a role in orienting the integrative intasome for productive recombination, then having the B site flanking both sides of the overlap region should also induce integration in both orientations. On the other hand, if sequence identity in the overlap region is the key, then recombination will depend on the location of sequence identity in the overlap region. To further investigate the role of the conserved B region, an attB1 site where both core sites contain B sequences were constructed using complementary oligonucleotides. The core overlap regions were varied to be wild type, symmetric or inverted ( Figure 6A ). Analysis of BoB derived recombinant products containing a wild type, inverted or symmetric overlap region shows similar frequencies as attB1 derived recombinants with the same overlap regions ( Figure 6B ). Taken together, the data strongly suggest that the core overlap region is responsible for determining how the integrating attDOT is oriented relative to the attB during synapsis that leads to recombination. It also determines which strand is cleaved and exchanged first.
An attDOT site with an inverted overlap recombines with attB1 in the opposite orientation compared to wild-type attDOT If the hypothesis that the orientation of the overlap region within an attB1 site dictates the order of strand exchange is correct, then a substrate containing an inverted overlap attDOT site should integrate in the opposite orientation as the wild-type attDOT when recombined with either wildtype or inverted overlap attBs. An attDOT derivative containing an inverted overlap region between the D and D' sites was produced via site-directed mutagenesis to test this proposition (Figure 7) . The results are consistent with this model. The restriction pattern from the wildtype attDOT Â wild-type attB product showed a 1.1 kb product when the top strand was labeled and a 2.5 kb product when the bottom strand was labeled and the opposite pattern when the attB1 site contained the inverted overlap region (Figure 3) . The restriction pattern from the inverted overlap attDOT Â wild-type attB1 product showed the predicted pattern but recombination levels were depressed nearly 15-fold ( Figure 7B ). Thus it is likely that the identity of the core sites of attDOT plays a role in the efficiency of the integration reaction.
A single base sequence identity adjacent to the site of cleavage and ligation is sufficient for recombination
We established above that the location of the GC dinucleotide in the overlap region determines the order of strand exchange and provides enough sequence identity for recombination to occur. We next asked if a single base pair of sequence identity between both att sites is sufficient for recombination and whether that single base pair needs to be at the site of cleavage. Presenting a wild-type attDOT site with an attB site containing a CC in place of the GC dinucleotide should decrease recombination due to a lack of sequence identity between the bases at either cleavage site. As expected, recombination was abolished (data not shown). This indicates that sequence identity is required at the base adjacent to cleavage in the overlap region and that the presence of the C of the GC dinucleotide is not sufficient for recombination to occur.
We then constructed an attDOT mutant containing a terminal G substitution in the overlap region (TermG attDOT), making the overlap sequence GCTTAGG (Figure 8 ). We combined this attDOT site with both wild-type attB and an attB site containing the overlap sequence ATGCAAA (AT attB). Not surprisingly, the attDOT containing the terminal G substitution recombined well with the wild-type attB site since both sites share a G at the cleavage site ( Figure 8B and C) . Also as expected, the TermG attDOT site recombined almost negligibly with the AT attB site (<0.5%). The wild-type attDOT site however, was able to recombine with the AT attB site, albeit poorly ($3%). This is explained by the fact that the two sites share a single base of sequence identity at the cleavage sites-the T at the 3' end of the attDOT overlap region and the T at both ends of the overlap region in an inverted AT attB site ( Figure 8B ). Taken together, these data suggest that only one base of sequence identity is sufficient for low levels of recombination, but that two bases of sequence identity are required for maximum recombination. The sequence identity must be located at the site of cleavage and ligation.
DISCUSSION
There are two main subclasses of tyrosine recombinases. The first is the autonomous class that only contains two domains-CB and CAT domains. These recombinases recognize core-type DNA sites and do not require accessory proteins. The second subclass is characterized by the presence of an N-terminal domain that binds to arm-type DNA sites, and a requirement for additional proteins to determine directionality.
Some tyrosine recombinases also have a preferred order of strand exchanges while others do not (30) . There does not appear to be a connection between complexity of the recombination systems and the mechanism of regulating the order of strand exchanges. For example, Flp is an autonomous recombinase that does not have a defined order of strand exchange-it will cleave and exchange both strands with equal frequency (31) . Cre recombinase also falls under the autonomous class, yet when it binds to its loxP substrate it induces an asymmetric bend that determines which strand will be exchanged first (30, (32) (33) (34) . The Xer system involves two tyrosine recombinases, XerC and XerD, that work in tandem to ensure chromosome and plasmid segregation during cell division. XerC/D can work as autonomous or regulated recombinases depending upon the substrate. For example, the chromosomal dif site only consists of CB sites for XerC and XerD, while the psi site on the plasmid pSC101 requires accessory proteins bound to additional DNA sites. XerC makes the initial cleavage at psi sites resulting in ordered strand exchange, while XerD can initiate cleavage at dif sites (19, (35) (36) (37) (38) .
Lambda Int is a factor-assisted recombinase that contains three domains. It requires accessory proteins to form a protein-DNA complex called an intasome that catalyzes excision and integration (28, 39) . The arm-type DNA sites contain both Int and accessory protein-binding sites, and are arranged asymmetrically around the coretype sites where cleavage and strand exchange takes place (40) . Kitts and Nash used inverted attP sites to determine whether the core or arm-type sites dictate the order of strand exchange. They found that regardless of the orientation of the core, initial cleavage takes place at the site of the overlap region closest to the P arm. Their results established that the order of strand exchange is determined by the asymmetry of the arm-type sites (41) . Interestingly, when the N-terminal arm-binding domain of Lambda Int is attached to Cre, the chimera becomes dependent on IHF, Xis and Fis to regulate directionality in the same fashion as Lambda Int (42) . This suggests that the factor-assisted recombinases are particularly reliant upon the contribution of the accessory proteins and the spatial arrangement of the additional DNA sites around the core to determine the mechanism and order of strand exchange.
Like Lambda Int, IntDOT possesses an arm-binding N-terminal domain. The attDOT site contains five IntDOT-binding sites arranged asymmetrically around the core site, and intasome formation requires additional accessory proteins (25, 43) . Despite the asymmetric arrangement of the arm-type sites relative to the core sites, the order of strand exchange appears to be predominantly dictated by the core sites. In a reaction with wild-type sites, IntDOT preferentially cleaves and exchanges the top strand first. The first strand exchange requires a sequence identity between the recombining att sites, but the second strand exchange is independent of sequence identity. It has also been shown that the identity of the base pairs at the site of cleavage is not important, so long as they are identical between the two sites (26) . We have shown here that the location of sequence identity within the overlap region determines the order of strand exchange in IntDOT-catalyzed integration, and that the arm-type sites are less important than in other systems.
Tyrosine recombinases catalyze recombination by performing a pair of strand exchanges at opposite ends of the overlap region. Most tyrosine recombinases have an absolute requirement for sequence identity within the overlap region of recombining substrates, and often the initial strand exchange is dependent upon sequence identity between recombining sites. It has been suggested that Watson-Crick base pairing must take place between the partner strands after strand swapping in order for the ligation reaction to occur (16) . If no base pairing can occur, then the ligation step is not likely to take place. This idea is supported by work done on Flp showing that the ligation step is the sequence identity dependent step (44) . Likewise, mutations in the overlap region of loxP nearly abolishes recombination between wild-type and mutant loxP sites (45) .
Sites containing heterology between the overlap regions are very poor recombination substrates (46) . For example, Lambda 'site affinity' mutants containing mutations within the overlap region of attP or attB reduce recombination, but when the same mutations are made in both att sites, recombination is restored. Mutations made directly to the left of the cleavage sites, outside of the overlap region, had no effect on recombination (47) . It has also been shown that sequence identity in the left side of the overlap region is strongly conserved in Lambda secondary attachment sites, supporting a critical role for sequence identity between recombining substrates (48) . Perhaps the sequence identity on the left side promotes initial strand exchange to form the Holliday junction intermediate. IntDOT can resolve the HJ into products due to its tolerance of heterology whereas the Lambda HJ requires host processes to resolve it into products in the presence of heterology.
Studies done on IntDOT using synthetic ligation substrates containing p-nitrophenol at the site of cleavage and ligation have shown that IntDOT can perform the ligation reaction in the presence of heterology (26) . The same study also used bridging phosphorothioate substrates to show that cleavage can also take place in the presence of a heteroduplex in the overlap region (26) . These results make the role of sequence identity in IntDOT-mediated recombination unclear and raise the question as to why sequence identity is so important within the DOT overlap region for one strand exchange while heterology is tolerated extremely well for the second strand exchange.
We assume that IntDOT, like other tyrosine recombinases, forms an intasome complex with attDOT during integration and that the intasome synapses with a naked attB site (28) . Synapsis of the intasome with attB can occur in two orientations: the intasome can synapse with the attB site from the 'top', or from the 'bottom'. Theoretically, cleavage and initial strand exchange could take place in either orientation, but the reaction does not proceed unless Watson-Crick base pairing can take place between the newly exchanged strands. If a complementary base is not available, the reaction is reversed. The attDOT and attB sites are formed, and the attB site is released.
